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ABSTRACT 
The purpose of this thesis is to examine the feasibility of adapting 
an unequal insulation level technique on double circuit 230 kV and 
500 kV transmission lines in a utility system as a performance 
enhancer. 
As transmission lines increase in voltage and power transmission 
capability, they become more important to an electric utility's 
system stability.  The loss of service of a high capacity transmis- 
sion line puts a greater strain on the transmission system to 
maintain power flow to the loads.  An example of the importance of 
a transmission line is the resultant blackout of the Consolidated 
Edison System in New York that occurred recently.  In this case, it 
is believed that lightning strokes to a transmission line were the 
initiating events that caused the system collapse. 
Examining the principal environmental causes of loss-of-service of 
transmission lines, the most frequent identifiable event is lightning 
strokes.  Present protective measures provide for the use of overhead 
ground wire(s), or shield wires, which are grounded through the 
line structures and placed above the phase conductors to prevent 
direct strokes to the phase wires.  The conductor insulation is 
1- 
then sized to prevent backflashovers from the transmission structure 
to the phase wire due to the high potential induced on the shield 
wires and structures as the lightning is dissipated to ground. 
Since present lightning protection methods provide less than 100% 
reliability, bulk power systems must be designed to withstand 
frequent line tripouts as a result of lightning strokes. The 
present practice of most utilities is to provide enough system 
redundancy to minimize the effects of a line tripout. With double 
circuit 230 kV line costs of approximately $396,000 per mile and 
double circuit 500 kV line costs of approximately $846,000 per 
mile, exclusive of right of way and clearing costs, the expense of 
providing adequate reliability is significant. 
The alternate approach being considered in this thesis is to provide 
more lightning protection on double circuit transmission lines by 
an unequal insulation design on the two circuits. When a stroke to 
a line structure or overhead ground wire raises the tower potential 
excessively, a backflashover will occur on the lower insulated 
circuit first, dissipating the lightning energy before a flashover 
can occur on the higher insulated circuit. 
This thesis has investigated the designs of unequal insulation level 
500 kV and 230kV double circuit transmission lines and has examined 
-2- 
them with respect to reliability, cost, and overall lightning 
performance. The unequal insulation design was found to be impractical 
for double circuit 500 kV lines because little improvement in a line's 
overall lightning performance could be achieved. Applying the unequal 
insulation design on double circuit 230 kV lines was found to improve 
the line's reliability. Because of the relatively high cost-limited 
benefit ratio, the unequal insulation technique was determined to be 
impractical for normal 230 kV lines. The design was found to be 
practical for special 230 kV double circuit line applications. Typical 
examples are lines critical to the utility's system stability, lines 
with poor lightning performance histories, or portions of lines subject 
to a high incidence of lightning flashovers. The costs versus benefits 
must be closely considered in light of all other alternatives avail- 
able. 
-3- 
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CHAPTER 1 
INTRODUCTION 
As the use of the electricity became widespread requiring the 
development of transmission systems for power distribution, the 
need to protect against the damaging effects of lightning became 
apparent.  Early designs employed flashover gaps between the trans- 
mission line conductors and the ground.  Lightning striking the 
conductors would be dissipated by arcing across these gaps, and, in 
many instances, clearing before causing damage to the line or 
substation equipment. 
It was soon discovered that better protection could be provided by 
positioning overhead ground wires to intercept the lightning stroke 
before it reached the phase wires.  These ground wires are located 
above the phase conductors.  The path to ground is established 
through each transmission line structure and its grounding system. 
The phase wire insulation is designed to prevent the lightning from 
flashing over to the phase wires, termed a backflashover, as the 
lightning is dissipated to ground through the structure.  However, 
this design still does not provide complete protection from lightning 
strokes. 
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Examination of lightning strokes reveals that there is considerable 
variation in current level, impulse rise tine, and duration. 
Therefore, tower designs are based on statistical quantities which 
results in compromises between performance and cost.  In the studied 
utility's transmission system* approximately 1.6 tripouts per 100 
line miles (1.0 tripout/100 km) per year on their 230 kV system are 
attributed to lightning strokes. £7 
Since tripouts do occur, the transmission system must be designed 
with enough redundancy to prevent interruption to the customer. 
The cost to provide additional lines is presently $396,000  per 
mile for double circuit 230 kV lines and $846,000  per mile for 
double circuit 500 kV transmission lines.  These costs are exclusive 
of the cost of right of way and clearing. Also, the need for 
additional lines results in a greater environmental impact and 
right of way acquisition problems.  Long construction times are 
required to build new lines. 
TJie alternative to building additional lines to ensure continuity 
of service is to design the insulation of one of the double circuits 
with a higher resistance to backflashovers than the other circuit. 
*The utility under study is Pennsylvania Power and Light Company, 
Allentown, Pennsylvania. 
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Lightning strokes will tend to flashover the lower insulated circuit 
causing the tripout of that circuit by the line tenainal protective 
relays. The higher insulated circuit will remain intact.  Present 
designs employ equal circuit insulation which can result in the 
loss of both circuits. 
There are several potential applications for the unequal insulation 
concept. Existing double circuit lines with poor lightning perform- 
ance histories can be modified to an unequal insulation design for 
improved reliability.  Lines which have become more important due 
to load growth can be made more reliable.  This is of particular 
importance where alternate line routes to the load center are 
unavailable. The unequal insulation technique may be suitable for 
new lines requiring high reliability. Thus, with a relatively 
small cost to modify an existing line compared to the cost of a new 
line or a small increase in the cost of a new line, improved relia- 
bility can be achieved. 
Major emphasis in this thesis has been placed on double circuit 230 
kV and 500 kV lines since they are of most importance to the studied 
utility's transmission system.  Comparisons of performance versus 
costs and details of the proposed design modifications have been 
made in the chapters that follow. 
-6- 
CHAPTER 2 
THE DESIGNS OF UNBALANCED INSULATION 
To provide a measure of improvement of the unbalanced insulation 
design one must first know the tripout rates of the standard line 
design with equal insulation.  The test utility's 230 kV double 
circuit tower design was examined first using the approach outlined 
2 
in the EHV line reference book .  The EHV reference book technique 
involves comparing the line design with a base case design tripout 
rate and developing factors to adjust the base rate for design 
differences.  The following are the design parameters and assumptions 
made for the test utility's standard 230 kV tower design: 
1. Sixteen insulators in a suspension insulator assembly. 
2. Span length of 900 ft. (274.3 meters). 
3. Height of overhead ground wire attachment 126 ft. (38.40 
meters). 
4. Height of overhead ground wire at mid-span 110 ft. (33.53 
meters). 
Figure 1, page 9, shows the basic outline of the tower design with 
pertinent geometric data. 
The first step in a tripout calculation is to determine the isokeraunic 
level I of the utility's service territory.  The isokeraunic level 
is 35 days with thunderstorms per year (I = 35) according to the 
U.S. Weather Bureau's Isokeraunic Level Hap of the U.S. for eastern 
central Pennsylvania. 
Next, the base standard design that most closely approximates the 
utility's design, is selected from those given in the EHV Reference 
Book. Figure 2, page 10, shows the base design selected.  Unfortu- 
nately, the lowest base design voltage class covered by this procedure 
is 345 kV. However, an adjustment can be made which will allow a 
direct comparison. This adjustment entails changing the effective 
number of insulators in the insulator assembly to account for the 
difference in voltage level. Figure 3, page 11, taken from a paper 
3 
by J. M. Clayton and F. S. Young , provides the number of insulators 
to add to the insulator assembly for the analysis of a line operated 
at a lower voltage than its design voltage. The number is found by 
taking the difference of the number of insulators indicated at the 
design voltage and at the operating voltage. The figure indicates 
that operating a 345 kV line at 230 kV has the same effect on 
lightning performance as adding one insulator assembly. Thus, if 
-8- 
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we assume the 230 kV design is a 345 kV line operated at 230. kV, 
the lightning performance calculation can be done with the 365 kV 
base design assuming 17 instead of 16 insulators in the insulator 
assembly. 
The structure's footing resistance must also be known to predict 
the outage rate.  Obviously, this resistance will vary from structure 
to structure.  Typical values are between 10 and 100 ohms.  For the 
purpose of this paper, an average value equal to 20 ohms has been 
selected based on work done by Sargent and Darveniza .  They have 
shown that the percentage of the total outages that are double 
circuit remains essentially constant relative to varying ground 
resistances. Thus, the affects of varying ground resistance need 
not be factored into the double circuit outage calculation. 
From Figure 4, page 13, using seventeen insulators in an assembly 
and a 20 ohm footing resistance, the base case tripout rate T' due 
to flashovers is determined as 4.6. 
To account for the design differences between the base case design 
and the test utility's design, correction factors are required. 
For height differences the per-unit outage rate B is found knowing 
the h„/h ratio where tr is the tower height of the design under to t 
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review and h is the base design tower height. 
ht = 38.4 meters = Q^ 
h   39.3 meters o 
From Figure 5, page 15, B is approximately 1.0. 
The total tripout rate is actually the sum of the number of backflash- 
overs plus the number of shielding failures where lightning strokes 
miss the shield wires and strike the conductors.  The parameter F, 
which accounts for shielding failures, depends on the tower dimensions 
and the probability of the shielding failure. 
The equation for F is: 
F = P [1.90b. + 3.80 h  + 1.44b] (2.2) 1
    t       gw       ' 
Where: 
P = shielding failure probability from Figure 6 page 16 
h  = height of ground wire at mid span in meters 
gw 
b = spacing between ground wires in meters 
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From Figure 6, page 17, P = 0.0115 for a shield angle of 
23.5°. 
Using equation 2.2, page 14, and data previously indicated 
yields: 
F = 0.0115 (1.90 (38.40) + 3.80 (33.53) + 1.44 (5.49)) 
F = 2.40 
F is the number of tripouts due to shielding failures per year for 
the test utility's 230 kV design for a line 100 miles long in an 
isokeraunic area level of 100. 
The outage rate, tripouts per 100 line miles per year, is found by 
T = shield failures (SF) + backflashovers (BF)   (2.3) 
T
 
=
 mF * m (1-65 BT'e"s/2S) <2-*> 
Where: 
S = span length of PP&L's design 
S* = span length of the base case. 
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Then: 
T = j§§ (2.40) + jjl (1.65)(1.0)(4.6)e~274'3/2(335) 
T = 0.84 + 1.76 = 2.60 tripouts per 100 miles per year 
(1.62 tripouts per 100 km per year) 
Where: 
0.84 is the number of tripouts due to shielding failures 
and 1.76 is the number due to backflashovers. 
As can be seen, the predicted number of tripouts due to backflashovers 
is approximately twice the number of shielding failures. Table 1, 
page 20, shows the various tripout rates. 
The 2.60 tripout rate is a composite total of which a portion will 
be double circuit tripouts.  Based on line performance histories, 
Kawai and Azuma have noted that no greater than 30% of the total 
number of tripouts on a double circuit line will be double circuit. 
4 6 
Analytical techniques developed by Sargent and Darveniza ' are in 
fair agreement and predict approximately 40% will be double circuit 
-18- 
tripouts.  Basing a predicted percentage of double circuit outages 
on these four authors, it is estimated that approximately 35% of 
the tripouts, given by the tripout rate, will be double circuit 
tripouts.  For the studied utility's 230 kV design the predicted 
number of double circuit outages, also shown in Table 1, page 20, 
is 0.91 tripouts per 100 line miles per year (0.57 tripouts per 100 
line kilometers per year). 
The idea of unequal insulation tends to change this 0.91 double 
circuit tripout rate into a single circuit rate.  The basic assump- 
tion is that the insulation of one circuit can be increased suffi- 
ciently such that lightning will always flash over to the lower 
insulated circuit.  This flashover will halt the rise of tower 
potential before flashover to the high insulated circuit can occur. 
For guidance in determining the necessary difference in insulation, 
the work by Kawai and Azuma was again referenced.  They noted that 
in nearly all double circuit flashovers, the same phase in each 
circuit was involved.  They concluded that the power line voltage 
was the only plausible explanation for this phenomena. They further 
concluded that the flashover would occur across the insulator with 
the highest potential drop as the result of the power line voltage. 
Since most lightning impulses are of negative polarity, this would 
■19- 
230 KV DESIGH TRIPOUT RATES PER 100 LINE MILES PER YEAR 
Description Tripout Rates 
SF (Shield Failures) 0.84 
BF (Back Flashover) 1.76 
T (Total Predicted Tripout Rates) 2.60 
Number of Double Circuit Tripouts 0.91 
50% effective unequal insulation 
design double circuit tripout rate 0.45 
TABLE 1 
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be to the most positive phase. This was later confirmed by Sargent 
and Darveniza . 
Another important observation was that in nearly all instances of 
flashovers, single and double circuit, only one phase flashes over. 
This implies that the power voltage difference between the phases 
is sufficient to suppress flashovers to the other phases.  Kawai 
and Azuma concluded that if an amount of insulation is added to one 
circuit which would resist flashover from an impulse equal to the 
phase to phase power voltage, backflashovers would always occur to 
the low insulated circuit. 
Referring to Figure 7, page 22, the power voltage difference is 
either 1.22E or 1.41E for the two cases shown where E is the RMS 
value of the phase-to-phase voltage.  1.41E is the maximum this 
voltage difference can be relative to some large negative voltage 
reference.  Since the average voltage difference will be less than 
the maximum 1.41E, Kawai and Azuma recommend using a difference 
1.22E. To this value, a factor B between 5 and 15% is used to 
account for the event where all three phases of the low insulated 
circuit flash over.  Here, an attempt is made to provide a margin 
to prevent the highest stressed phase on the high insulation circuit 
from flashing over as well. The recommended insulation difference, 
-21- 
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H, is defined as: 
H = L + ftlF <2-5) 
Where: 
H = critical flashover voltage of the high insulated 
circuit insulation 
L = critical flashover voltage of the low insulated circuit 
insulation. 
In the case of studied utility's 230 kV design, 16 insulators have 
an approximate impulse flashover of 1500 kV according to Figure 8, 
page 24. Assuming B equals 8%, then: 
H = 1500 kV + }^20^Q3° KV) = 1805 kV 
From this equation one can see that 305 kV of additional insulation 
must be provided to the high insulated circuit of a 230 kV line. 
In terms of insulators, 305 kV is approximately equal to 4 standard 
5-3/4 x 10" insulator disks, making a total of 20 insulators in the 
test utility's standard assembly. 
-23- 
NEGATIVE POLARITY IMPULSE FLASHOVER STRENGTH 
OF LONG INSULATOR STRINGS 
7000 -• 
M 
a) 
(30 (0 
u 
6000 
O 
> 5000 
u 
> 1 4000 
o. 
3000 
■rl 
td 
00 
0) 
z 2000 
1000 -■ 
0 
+ 
4 6 
Insulator Length-m 
 1  + + 4- 
10      20      30     40      50      60 
Number of 5 3/4" x 10" Insulator Units 
Source: Reference 2 
FIGURE 8 
-24- 
Kawai and Azuma applied a differential insulation design based on 
their formula on two 140 kV double circuit lines in Japan.  In one 
case, they found that 100% of the flashovers were single circuit in 
the first year after implementing their recommended design.  Four 
years prior to the design change, 67% of all flashovers were double 
circuit.  Thus, in this case the design was 100% effective.  In the 
case of the other double circuit line the results were less dramatic. 
It was estimated that the unequal insulation design was approximately 
50% effective. 
4 6 
Predicted outage rates by analytical techniques ' on 220 kV lines 
show about an 18% improvement in the double circuit outage rate can 
be expected using an insulator differential of two insulators.  The 
reduced percentage is what would be expected for a 220 kv line 
since two insulators is half the required insulation differential 
previously calculated for a 230 kV line. 
Assuming the less optimistic 50% improvement percentage from the 
two lines in Japan with the full insulation differential applied, 
the double circuit outage rate for the utility's 230 kV design is 
reduced to 0.46 tripouts per 100 line miles (0.29 tripouts per 100 
line kilometers) per year. See Table 1, page 20.  In practice 
this figure should represent the minimum expected improvement with 
-25- 
a reduction up to 100% likely on a yearly basis.  Implementation of 
a U  insulator differential is discussed in Chapter 3. 
The studied utility's other design for review was their standard 
500 kV double circuit tower shown in Figure 9, page 27.  Unfortu- 
nately, very few lines of this design are in existence, and hence, 
very little statistical data is available from line histories. 
Since most simplified prediction techniques are based on historical 
data, a direct analysis of the double circuit 500 kV tower cannot 
be performed as was done for the 230 kV design analysis. The only 
available direct approach is a sophisticated computer analysis 
technique which is beyond the scope of this paper. However, certain 
conclusions can be reached by an analysis of a single circuit 500 
kV design for which simplified approaches are available. 
t 
The following are the design parameters and assumptions for predic- 
ting the tripout rate of a single circuit 500 kV design: 
1. 25 insulators in each leg of a V-string insulator assembly. 
2. Span length of 1300 ft. (396.2 meters). 
3. Height of overhead ground wire attachment for a single 
circuit design 115 ft. (35.1 meters). 
4. I = 35 
5. Ground resistance = 20 ohms. 
-26- 
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Figure 10, page 29, shows the test utility's standard single circuit 
500 kV tower design with pertinent geometric data. 
Again, the prediction method in the EHV handbook was used.  Figure 
11, page 30, shows the base design 500 kV single circuit tower to 
which the utility's single circuit tower will be compared.  Since 
the base design has single string insulator assemblies, an adjust- 
ment must be made for the test utility's V-string design.  Clayton 
3 
and Young noted that a V-string insulator assembly with 24 insulators 
in each leg behaves similarily to a single string insulator assembly 
with 22 insulators. Since PP&L's V-string insulator assembly for 
both single and double circuit 500 kV designs has 25 insulators in 
each leg, an equivalent 23 insulator single string assembly is 
assumed. 
The base design tripout rate, T', was obtained for the single 
circuit 500 kV base design.  This value T' was found by entering 
the graph in Figure 12, page 31, for the 500 kV base design, and 
this yields a numerical value of 1.0. 
To find the per unit outage rate B, Figure 5, page 15, was again 
referenced using the h./h ratio for the single circuit design. B 
was found to be 1.2 per unit. 
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From equation 2.4, page 16, the formula to calculate the backflash- 
over rate is: 
BF
 
=
 TM (1,65 B r e "S/2S)      (2-6) 
BF  = f§- (1.65) (1.2) (1.0) e"396'2'2*305* 
BF = 0.36 backflashovers per 100 miles per year 
(0.22 backflashovers per 100 km per year) 
The value of 0.36 is the expected backflashover tripout rate for 
the studied utility's 500 kV single circuit design.  As can be 
seen, this value is very low, and considering that most lines in 
this utility's territory are less than 40 miles (64.6 km) long, 
this rate for a typical line will be less than 0.14 tripouts per 
year. 
Examining the reasons for such a small value, one finds that the 
high insulation required for a 500 kV line, having an impulse 
strength of approximately 2,300 kV, is capable of withstanding the 
rise in tower potential created by most lightning strokes. Of 
course, this impulse strength is the same for both single circuit 
and double circuit tower designs. 
The different parameters affecting the backflashover rate between 
the single circuit and double circuit 500 kV designs are the phase 
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wire coupling factors and the tower surge impedance. However, a 
major difference in the double circuit backflashover rate from the 
predicted single circuit rate is not expected, especially since 
most towers have similar surge impedances typically between 120 and 
ISO ohms . Even if the single circuit backflashover rate is doubled 
to account for the design differences, the double circuit backflashover 
rate becomes only 0.28 tripouts per year for a 40 mile (64.4 km)line. 
Considering the percentage of double circuit flashovers, if the 
0.36 tripout rate per 100 line miles per year is doubled to account 
for design differences, the assumed backflashover rate becomes 0.72 
(0.45 per 100 km of line per year) as shown in Table 2, page 34. 
The percentage of double circuit flashovers was determined in 
Chapter 2 to be 35% of the sum of the backflashover and shielding 
failure tripout rates. Referring to Figure 9, page 27, the double 
circuit 500 kV tower top phase shield angle is -6.5° and the lower 
phase shield angle is 8.1°. From Figure 6, page 17, the probability 
of a shielding failure becomes very small for shield angles less 
than 15°. Hence, the shielding failure contribution to the tripout 
rate can be ignored. Again referring to Table 2, page 34, if 
approximately 35% of the backflashover tripout rate is assumed to 
be the number of double circuit tripouts, the double circuit tripout 
rate is 0.25 double circuit tripouts per 100 line miles (0.16 per 
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500 KV DESIGN TRIPOUT RATES 
PP&L Single Circuit 500 kV Design 
Backflashover Rate per 100 line miles per year 0.36 
Backflashover Rate of a A0 mile line per year 0.14 
PP&L Double Circuit 500 kV Design 
Approximated backflashover rate per 100 line miles 0.72 
per year 
Expected number of double circuit backflashovers 0.25 
per 100 line miles per year 
Worst case 50% effective unequal insulation design        0.13 
double circuit backflashover rate per 100 line miles 
per year 
TABLE 2 
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100 km) per year. As can be seen, this rate is very small.  Assum- 
ing a worst case 50% effective improvement of an unequal insulation 
design, the double circuit tripout rate is improved to 0.13 (0.08 
per 100 km). 
As a result of this analysis, it can be concluded that an unequal 
insulation design is not practical for the test utility's double 
circuit 500 kV towers.  The potential for a single circuit backflash- 
over, and more so for a double circuit flashover, is very small. 
With the unpredictable and random nature of lightning, absolute 
freedom from tripouts over the life of the line can't be guaranteed. 
A single lightning stroke could produce a double circuit flashover 
on short 500 kV line 10 miles long where the 0.13 backflashover 
rate would predict less than one over the entire 40 year life of 
the line.  Certainly, many years of service would be required 
before an actual backflashover rate could be determined. 
The subject of a structure's ground resistance and its effect on 
lightning performance was not addressed previously since it has 
little influence on the percentage of the total number of flashovers 
that are double circuit backflashovers. However, it seems prudent 
to consider what happens to the tripout rate with varying ground 
resistances since the expected number of tripouts definitely does 
depend on the footing resistance. Only the 230 kV double circuit 
design was analyzed. 
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As was noted in the analysis of the 230 kV design tripout rate, the 
tripout rate is composed of the sum of two terms.  They are the 
number of tripouts due to shielding failures and the number due to 
backflashovers. 
The number of shielding failures is dependent on the height of the 
tower, the height of the overhead ground wire at mid span, the 
horizontal separation of the overhead ground wire and the shield 
angle.  The two heights are the only non-constant parameters for a 
line. However, for the purpose of predicting a design tripout 
rate, an average span is chosen which makes the two heights constants 
as well. Hence the shield failure term in the tripout rate is 
constant and is 0.84 tripouts per 100 line miles (0.52 per 100 km) 
per year as was calculated previously. 
The backflashover rate does vary with ground resistance and must be 
calculated. Equation 2.6, repeated here for convenience, gives the 
tripout term BF due to backflashovers. 
**■ = TOO  l1'65 B T' e"S/2S]      (2.6) 
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An examination of this tern reveals that T', the base design case 
tripout rate, and B, the bright adjustment factor, vary with ground 
resistance. T1 can be taken from Figure 4, page 13.  Table 3, page 
38, shows how T*, the backflashover rate BF, and the total design 
tripout rate T vary with ground resistance. Figure 13, page 39, 
shows a graph of BF and T. 
As can be seen from Figure 13, page 39, as the ground impedance 
becomes less than approximately 30 ohms, the tripout rate begins to 
reduce less rapidly with decreasing ground resistance. This is due 
to the surge impedance of the tower which becomes the dominant 
factor at low footing resistances in determining the rise in tower 
potential. From this it can be seen that there is a limit to what 
can be done by lowering footing resistance. 
Also of interest is the reduction in the rate of rise of the tripout 
rate at high footing resistances. This is due to the tripout rate 
approaching the area's isokeronic level where nearly all lightning 
strokes to the line cause tripouts. 
It is noted that the ground or footing resistance referenced is not 
the resistance measured by standard techniques but is the surge 
resistance to the lighting impulse.  Standard techniques use a 60 
hertz reference voltage, and, by noting the current flow, the ground 
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230 KV DESIGN TRIPOUT RATES PER 100 LINE MILES PER YEAR 
Ground Resistance (ohas) 
Descri ption 10 20 40 60 80 100 
T' 1.6 4.6 22.4 39 49 53 
BF 0.61 1.76 8.59 15.0 18.8 20.3 
T 1.45 2.60 9.43 15.8 19.6 21.1 
T 0.51 0.91 3.30 5.5 6.9 7.4 
Tl 1.03 2.18 9.01 15.4 19.2 20.7 
T AH50 0.68 0.88 2.07 3.2 3.9 4.1 
TH100 0.42 0.42 0.42 0.42 0.42 0.42 
TABLE 3 
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BACKFLASHOVER AND TOTAL 230 KV DESIGN TRIPOOT RATE 
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resistance is measured.  The resistance to a lightning impulse is 
generally less than the measured value. The ratio of the impulse 
resistance to the 60 hertz resistance is a complicated function of 
soil type and moisture, impulse crest current, and the structure's 
ground electrode design.  A graph showing some variations of this 
ratio is provided in the EHV reference book (page 382) for several 
grounding designs. 
Table 3, page 38, shows the expected number of double circuit 
tripouts TQP with varying footing resistance assuming an equal 
insulation design. 
In addition, Table 3, page 38, shows the predicated tripout rate 
of the low insulated circuit T, of the unequal insulation design. 
Two predicted tripout rates for the high insulated circuit are 
listed, one assuming 50% effectiveness T„,.Q *nd the other assuming 
100% effectiveness T„-00. One half of the total shield failures 
are assumed to strike each of the circuits. Hence, T„1Q0 is simply 
one-half of the predicted number shield failures tripouts, previously 
calculated as 0.84, or 0.42 tripouts per 100 line miles per year 
(0.26 per 100 km per year). 
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As can be seen in Table 3, page 38, assuming a worst effectiveness 
of the unequal insulation design equal to 50% provides a tripout 
rate less than 1 per 100 line miles per year for ground resistances 
up to approximately 25 ohms.  Since typical line lengths are 40 
miles of the test utility (64.4 km) or less, one can expect freedoa 
from tripouts for several years. 
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CHAPTER 3 
TOWER MODIFICATIONS AND COSTS 
The unequal insulation design cannot be easily implemented on an 
existing tower design.  Basically, the problem is that a tower is 
designed to provide phase-to-ground clearances equal to the gap 
provided by the insulator assembly. This means that the distance 
from the energized conductor to some part of the tower, usually the 
next tower crossarm below the phase, is approximately equal to the 
length of the insulator assembly. When insulators are added to an 
upper arm suspension assembly, the phase-to-ground clearance to the 
crossarm below the phase is reduced.  Obviously, for an efficient 
tower design the phase configuration is kept as compact as is 
possible.  In most tower designs there is not sufficient room to 
add even one insulator. 
On lower voltage lines an approach that has been taken is to reduce 
the insulation of one circuit while maintaining the existing level 
of the other circuit insulation.  The reduction taken is the same 
differential as was calculated by a method outlined in Chapter 2. 
Of course, the reduced insulation must be capable of meeting other 
insulation strength requirements such as any switching surges and 
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the 60 hertz leakage limit. 
As would be expected, however, field installations of this design 
showed an increase in the tripout rate of the reduced insulation 
circuit from the line's previous history.  Also, since this design's 
overall insulation level is lower, the probability of a lightning 
strike capable of causing a double circuit outage is higher than if 
the insulation is increased in one circuit. The reduced insulation 
design was the approach taken where only a 50% effectiveness was 
achieved in a field installation.  This could be a possible justifi- 
cation for predicting a better than 50% effectiveness of an unequal 
insulation design, where the insulation of of one circuit is increased. 
Another approach, where tower dimensions allow, would be to increase 
one circuit's insulation to the extent possible and reduce the 
other circuit to achieve the required differential. 
Examining the test utility's 230 kV double circuit tower design, 
Figure 14, page 44, shows that the problem of insufficient phase to 
lower crossann clearance is the engineering task to solve. The 
standard insulator assembly has 16 insulators. The equivalent air 
gap is determined by matching the positive and negative impulse 
strengths of the insulator string. From Figure IS, page 45, a 16 
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230 KV TYPE DP TOWER 
PHASE TO GROUND CLEARANCE DIAGRAM 
10 Normal Swing 
Suspension 
Insulator 
Assembly 
10 ft. (3.05m) 
FIGURE 14 
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insulator disk assembly has a positive and negative flashover 
voltage equal to approximately 1450 kV and 1470 kV respectively. 
From Figure 16, page 47, the equivalent air gaps are 95" (2.41a) 
and 80" (2.03m) for positive and negative gaps, respectively. 
Thus, 95" (2.41m) of phase to ground clearance must be provided. 
Figure 14, page 44, shows that approximately 96" or eight feet 
(2.44m) of clearance is provided for the top phase to middle cross- 
arm.  Any increase in insulator length will encroach on the minimum 
clearance to ground requirement. 
Even if the phase to ground clearance were not a problem, adding 
four insulators would lower the bottom phase nearly two feet (0.6lm). 
The subject utility designs their transmission lines to meet National 
Electric Safety Code requirements for phase-to-ground clearance.  A 
contingency of two feet (0.61m) for design uncertainties is added 
to the code requirements.  Since the bottom phase would be lowered 
two feet (0.6lm), no contingency would remain for the design uncer- 
tainties on existing line. Alternately, a new line would have to 
be designed with structures two feet (0.61m) taller. 
The design approach being proposed here is to utilize fiberglass 
members to replace the steel in the tower crossarms. The insulating 
properties of the fiberglass then become the mechanism by which the 
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required phase-to-ground clearance is achieved. The fiberglass ana 
approach permits maintaining the same conductor position thus 
avoiding the ground clearance problem. 
The design criteria is to provide phase-to-ground clearances equal 
to 20 insulator disks in an insulator assembly. Referring to 
Figure 15, page 45, 20 standard 5-3/4 x 10" insulators have a 
positive flashover voltage of 1750 kV and a negative flashover 
voltage of 1800 kV.  In Chapter 2 the calculated insulation level 
was based on a negative impulse. The required insulation level 
calculated was 1,805 kV, and 20 insulators was selected as a good 
approximation. Referring to Figure 16, page 47, the air gap to 
withstand a positive impulse of 1,750 kV is 9.67 feet (2.95m). For 
a negative impulse of 1,800 kV the air gap required is 8.63 ft 
(2.63m). The positive gap determines the minimum phase-to-ground 
clearance equal to 9.67 feet (2.95m). 
The approach being proposed here entails replacing tower arm steel 
with fiberglass and leaving insulator assemblies unchanged with 16 
insulator disks. The fiberglass - insulator disk combination then 
must have a positive impulse withstand level of 1,750 kV and a 
negative impulse level of 1,800 kV. It is not correct to assume a 
series length of insulator disks and fiberglass members equal to 
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the air gap equivalent will provide the same impulse withstand 
level.  In actual practice the fiberglass - insulator disk combina- 
tion would have to be tested under a variety of environmental 
conditions or shown by analysis to have adequate impulse strength. 
For the purpose of this paper, an assumption, that a 10 ft (3.05m). 
envelope around the phase conductors will provide approximately the 
desired impulse withstand level, is postulated. 
The fiberglass - insulator disk combination can be reasonably shown 
to provide greater impulse withstand capability than a 10 ft. 
(3.05m) air gap to justify this assumption.  A 10 ft. (3.05m) air 
gap provides approximately 400 kV more positive impulse strength, 
which the fiberglass must provide, than a 16 disk insulator assembly. 
Since the fiberglass has a positive impulse strength of approximately 
168 kV/ft. (551 kV/m), the fiberglass arm must be longer than 2.4 
ft. (0.73m).  As it will be shown later in this chapter, a 10 ft. 
(3.05m) clearance envelope requires a 7 ft. (2.13m) fiberglass arm 
providing approximately 1176 kV of positive impulse insulation 
strength. This is well in excess of the required 400 kV impulse 
insulation strength. 
Figure 14, page 44, shows the 10 foot (3.05m) clearance envelope 
and the tower areas where insulation is required. Note that 10° of 
insulator swing is allowed for slight line angles and insulator 
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motion on the structure.  The figure also shows that the top and 
lower crossarms are only affected by the phase they support, and 
the middle crossarm is affected by the top and middle conductors. 
There are two approaches to modifying the crossarms. The approach 
taken by the Tennessee Valley Authority on a 161 kV transmission 
line was to replace the entire crossarm with a fiberglass design. 
On the test utility's 230 kV tower this would provide an insulation 
differential in excess of the minimum amount calculated in Chapter 
2 except for the bottom phase which is limited by the phase to 
tower leg clearance. Of course, with a greater insulation differen- 
tial than the minimum calculated, better lightning performance can 
be expected. Alternately, another approach to achieving the 10 
feet (3.05m) minimum clearance is to modify only those portions of 
the crossarms with fiberglass members within the minimum clearance 
envelope.  It is this approach that is favored in this thesis 
mainly because of the strength characteristics of fiberglass. 
Fiberglass has very high tensile strength but a low modulus of 
elasticity. This means that when a fiberglass member is placed in 
tension it has good strength, but under compression, or column 
loading, it is weak. Examining the loading on the tower crossarm 
members in Figure 14, page 44, the weight of the conductors loads 
the upper members in tension and the lower members in compression. 
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For all three crossarms only a portion of the lower member it 
within the clearance envelope. Since a member in compression with 
a Bhort column length can support greater load than a longer member 
with an equal crossection area, replacing only the portion of the 
bottom member within the clearance envelope will result in smaller 
and more economical members. 
Since the upper portion of the crossarm is in tension, the physical 
properties of fiberglass makes it more suitable for these members. 
Because a greater portion of the middle crossarm top member is 
within the 10 feet (3.05m) clearance envelope, replacement of the 
entire length will be more appropriate. Only a small portion of 
the top and bottom crossarm upper members are within the clearance 
envelope.  Replacement of only a portion of these members will be 
made. 
To determine the approximate fiberglass crossarm member sizes and 
hence, cost, the DP tower crossarm design has been reviewed. The 
arm design is controlled by basically three conditions. They are: 
1. 1" ice, 8 lbs. transverse wind on the conductors, and no 
line angle. 
2. 1" ice differential loading (ice on one span ice off the 
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other span), 8 lbs. transverse wind, and no line angle. 
3.  Stringing load imposed by cable stringing equipment, 
pulling wire at a 45° angle down from the crossarm. 
The member design loads have been taken from Reference 9.  From 
conditions 1 & 2 the top and bottom crossarm top member maximum net 
tension is 6,453 lbs.  The lower member is in compression supporting 
a net load of 7,360 lbs. The middle crossarm upper member supports 
a net tension load of 9,426 lbs. and the bottom member is under 
11,362 lbs. net compression. 
Condition 3 imposes greater loads on all of the crossarm members. 
To improve the practicality of the unequal insulation design, 
special measures can be taken to avoid the demanding loads of this 
condition for the limited number of times this design would be 
implemented. For modifying existing lines, the conductors are 
already installed on the tower and stringing is not required except 
in the event of a broken conductor or reconductoring the line. 
However, the probability of a broken conductor is very small based 
on transmission line histories.  If restringing would ever become 
necessary, special techniques can be utilized such as selective 
positioning of stringing equipment or special stringing attachments 
on the tower.  Reconductoring a line generally requires structure 
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modifications or additional interspersed structures to support 
heavier conductors. The stringing capability can be provided in 
these options or through the special stringing methods. The same 
techniques can be applied for new transmission line installations 
with the fiberglass arm modification to avoid loading condition 3. 
Therefore, for the purpose of developing a magnitude cost estimate, 
crossarm members has been sized to support the maximum loads result- 
ing from loading conditions 1 and 2. 
Fiberglass struts with tensile strengths of up to 35,000 lbs. are 
readily available.  Since the tensions in the upper members of all 
three crossarms are less than 10,000 lbs., a standard 21,000 lbs. 
strength 13/16" (20.6mm) diameter rod can be utilized for these 
members.  The 21,000 lbs. rod will provide a factor of safety in 
excess of two for adequate design margin. 
Selection of a fiberglass rod for the lower crossarm members is 
more difficult.  Although fiberglass struts are utilized as compres- 
sion members, limited information is available because of less use 
in this manner.  To determine the approximate size of fiberglass 
rods required for the DP tower, Euler's formula for columns under 
compression is referenced. Euler's formula, modified for cylindrical 
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columns is: 
P = n E g (3.1) 
4IT 
where: 
P = the allowable column load 
E = the modulus of elasticity 
R = radius of the cylindrical column 
L = the length of the column m 
The modulus of elasticity for fiberglass varies widely. Values for 
the modulus of elasticity range from 3 x 10 to 9 x 10 psi (2.109 
9 9    2 
x 10 to 6.328 x 10 kg/m ) and higher depending on the type of 
glass fibers and the epoxy resins used.   Based on the capacity of 
some struts designed for compression loading, a modulus of elasticity 
6 9    2 
of 5 x 10 psi (3.516 x 10 kg/m ) is assumed. 
For the top and bottom crossarms the length of fiberglass rod 
required for the lower members is approximately 7 feet (2.13a).  If 
a factor of safety of two is applied to the 7,360 lbs. net design 
load, Euler's formula indicates that a minimum rod diameter of 2.56 
inches (6.5cm) is required. 
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The middle crossann lower member is designed for a net compression 
load of 11,362 lbs.  If the entire 21.25 feet (6.48m) length of the 
lower member were to be replaced, Euler's formula indicates a rod 
diameter of 5" (12.7cm) is required using a factor of safety equal 
to two.  However, only approximately 7 feet (2.13m) of the lower 
member is within the clearance envelope.   A 3" (7.62cm) diameter 
rod is sufficient for this length.  Because a 3" by 7' (7.62cm x 
2.13m) rod is more economical and provides the required strength 
and insulation requirements, it was selected for this analysis. 
Furthermore, 3" (7.62cm) diameter rods are assumed for the top and 
bottom crossann lower members for simplicity and standardization. 
Since the upper member of the middle arm must be insulating, the 
crossann lacing must be insulating and hence, fiberglass. There is 
no lacing in the outer half of the top and bottom crossarms. 
Based on the above, replacement of the outer half of the upper and 
lower crossarms is assumed for the design.  The upper members are 
13/16" diameter by 7.5' (20.6mm x 2.29m) rods and the lower members 
are 3" diameter by 7' (7.62cm x 2.13m) rods. Replacement of the 
entire length of the top member of the middle crossann is assumed 
with a 13/16" diameter by 22.5' (20.6mm x 6.86m) rod. The lower 
member is a 3" diameter by 71 (7.62cm x 2.13m) rod. 
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Two estimates follow in Table 4, page 57, and Table 5, page 58, 
Table 4, page 57, shows the cost to modify an existing tower.  The 
estimate is composed of the labor cost to remove the existing tower 
arms and install the fiberglass members, and the material cost for 
the fiberglass.  The salvage for the removed tower steel is assumed 
to be negligible. Table 5, page 58, is an estimate of the incremental 
cost to construct a new tower with fiberglass crossarms for one 
circuit versus building a new tower with the standard steel lattice 
.crossarms for both circuits.  For the new tower installation in 
Table 5, page 58, the cost is the incremental material cost of 
fiberglass over the steel. 
Only one type of 230 kV tower has been considered to this point in 
this thesis. There are several other tower designs in the utility's 
230 kV tower family which will require modification as well. The 
type DP tower has been selected for this analysis since it is the 
most commonly utilized tower.  The other tower designs are used 
when the particular loads exceed the capability of the DP tower and 
at all angles in the line route. 
Since the other suspension insulation type towers support greater 
loads, the cost to modify these towers will be somewhat greater 
than the DP tower. However, in a typical line fewer of these 
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COST ESTIMATE TO MODIFY AN 
EXISTING TYPE DP 230 KV TOWER 
Material Quantity 
Unit 
Cost* Total 
13/16" x 7.5 ft. 
(20.6mm x 2.29m) 
21,0000 rod 
4 $ 20 $ 80 
3" x 7 ft. rod 
(7.62cm x 2.13m) 
6 205 1230 
13/16" x 22.5 ft. 
(20.6mm x 6.86m) 
21,0000 rod 
2 75 150 
Lacing fiberglass 
rod 13/16" (20.6mm) rod 
23.2 
(m) 
Material 
24.14 
Total 
560 
$2020 
Labor Quantity 
Unit 
Cost** Total 
Manhours 96 $23 $2208 
Heavy Equipment (hrs.) 12 22.25 267 
Labor Total $2475 
Total Cost 
Material 
Labor 
Subtotal 
+15% Contingency 
$2020 
2475 
$5593 
674 
Total Cost $5169 
*Unit costs based on similar material costs escalated to 1979 dollars. 
**Based on the test utility 1979 Construction unit estimates. 
TABLE 4 
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INCREMENTAL COST TO INSTALL 
A MODIFIED TYPE DP 230 KV TOWER NEW 
Material Quantity Unit Cost**       Total 
13/16" x 7.5 ft. 4 $ 20 $ 80 
(20.6mm x 2.29m) 
21,0000 rod 
3" x 7 ft. rod 6 
(7.62cm x 2.13m) 
13/16" x 22.5 ft. 2 
(20.6mm x 6.86m) 
21,0000 rod 
Lacing fiberglass (m)     23.2 
Less crossarm steel (//)   750// 
205 1230 
75 150 
24.14 560 
0.42 -315 
Material Total 
+15% contingency 
1705 
260 
Total Cost*      $1961 
*Labor differential cost assumed zero. 
**Unit costs based on similar material cost escalated to 1979 dollars. 
TABLE 5 
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heavier towers are installed. 
The other class of towers in the tower family is the tension insula- 
tion type. Use of tension type towers is limited because of higher 
costs than the suspension type towers. Modification to this type 
of tower is somewhat simpler than the suspension type tower. 
Figure 17, page 60, shows a tension type tower. Since the insulators 
in the insulator assembly are in line with the conductors, insulator 
disks can be added to provide the necessary clearance between the 
tower and the conductor. Because the conductor tension exceeds the 
tensile capability of insulator disks available, two parallel 
strings of insulators are provided in each tension insulator assembly. 
Therefore, 8 insulators must be added to each tension assembly or 
16 insulator disks per tower per phase. 
A problem arises for the tension tower design to maintain 10 feet 
(3.05m) of phase to tower clearance when passing the phase wire 
loop, which provides the conductor continuity, under the crossam. 
As is shown in Figure 17, page 60, a fiberglass outrigging is 
required on the top crossarm to provide the necessary 10 ft. (3.05a) 
clearance.  This outrigging holds the jumper loop a sufficient 
distance out from the tower to maintain 10 feet (3.05m) of phase-to- 
ground clearance. The jumper loops for the middle and bottom 
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230 KV TYPE DT TENSION TOWER 
PHASE TO GROUND CLEARANCE DIAGRAM 
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crossarms can be formed to provide 10 ft. (3.05a) of clearance 
without an outrigging support. 
Table 6, page 62, shows the estimated cost to modify an existing 
tension type tower. Table 7, page 63, tabulates the estimated cost 
to install a new tension tower with differential insulation. 
An alternative exists to modifying infrequently utilized tension 
structures or suspension towers. Since lightning normally will 
dissipate at the first structure on either side of the stroke 
location, the design of the tower insulation remote from the stroke 
has little effect on determining if a flashover will occur. If the 
insulation level of an infrequently utilized tower is not modified, 
the predicted tripout rate will increase in proportion to the 
percentage of the line length that tower design controls the flash- 
over rate. A reasonable assumption is that a flashover can occur 
on a structure for lightning Btrokes anywhere on the span on each 
side of the tower. Then a ratio R can be formed: 
R - number of spans affected by unmodified towers 
~ total number of spans in the line. 
Note that a span between two adjacent unmodified towers is 
counted as one affected span. 
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COST ESTIMATE TO MODIFY AN 
EXISTING TYPE DT TENSION 230 KV TOWER 
Material 
13/16" x 10 ft. 
(20.6am x 3.05m) 
21,0000 rod 
IV x 4 ft. rod 
(3.81cm x 1.22m) 
5-3/4" x 10" - 24,0000 
Insulator Disk 
Suspension Jumper Insulator 
1590 KCMIL 45/7 ACSR (m) 
Labor 
Manhours 
Heavy Equipment 
Total Cost  
Material 
Labor 
Subtotal 
+15% Contingency 
Total Cost 
Quantity 
$ 840 
413 
$1253 
188 
$!4"47 
Unit 
Cost* 
$ 25 
Total 
$ 25 
2 35 35 
48 9 432 
1 140 140 
53.3 3.90 
Unit 
208 
$8~4~0 
Quantity Cost** Total 
16 $23 $368 
2 $22.25 45 
$4~13 
*Unit costs based on similar material cost escalated to 1979 dollars 
**Based on the test utility 1979 construction estimates 
TABLE 6 
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INCREMENTAL COST TO INSTALL 
A MODIFIED TYPE DT TENSION 230 KV TOWER NEW 
Material 
13/16" x  10 ft. 
(20.6am x 3.05m) 
21,000// rod 
IV x 4 ft.   rod 
(3.81cm x 1.22m) 
5-3/4" x 10" 24,0000 Insulator Disk 
Suspension Jumper Assembly 
1590 KCMIL 45/7 ACSR (m) 
Labor 
Manhours 
Total Cost 
Material 
Labor 
Subtotal 
+15% Contingency 
Total Cost 
$703 
230 
933 
140 
$1073 
Quantity Unit Cost*    Total 
25 $ 25 
2 35 70 
48 9 432 
1 140 140 
9.14 3.94 36 
$703 
Quantity Unit Cost** Total 
10 $23 $230 
*Unit costs based on similar material cost escalated to 1979 dollars 
**Based on the test utility 1979 construction estimates 
TABLE 7 
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This factor R can be multiplied by the difference between the equal 
insulation and the unequal insulation predicted tripout rates to 
determine the overall decrease in performance of a purely unequal 
insulation designed line. 
The cost per mile to upgrade a typical existing line has been 
calculated to provide a cost estimate which can be easily applied. 
Certain assumptions have been made. Typical spans in a double 
circuit 230 kV line average approximately 900 ft (274m).  Hence, 
six structures have been assumed per mile of line.  Normally, fewer 
than one tension structure will exist in each mile of line although 
this can fluctuate due to the terrain.  For the purpose of this 
paper, one out of six structures has been assumed to be a tension 
tower.  Since some heavier types of suspension towers than the type 
DP tower generally must be used in a typical line, one out of the 
six towers has been assumed to be heavy suspension tower. As in 
the case for tension structures, the use of heavier suspension 
structures depends on the terrain.  Furthermore, it has been assumed 
that the cost to modify the heavy suspension towers will be 1.5 
times the cost to modify the type DP tower. This assumption was 
conservatively deduced from the approximately 32% higher total 
installed cost of the heavier suspension type towers. The effect 
of this assemption on the per mile cost is minimal amounting to 
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less than 10% of the total. 
The estimated cost per mile based on the tower types assuaed are shown 
in Table 8, page 66. 
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PER MILE COST ESTIMATES FOR 
DOUBLE CIRCUIT UNEQUAL INSULATION 230 KV LINES 
Modify Existing Lines: 
Description 
Type DP Suspension Tower 
Type Heavy Suspension Tower 
Type DT Tension Tower 
Quantity Unit Cost Total 
4 $5169 $20,676 
1 7806 7,806 
1 1441 1,441 
Per Mile Cost $29,923 
Modify New Lines: 
Description 
Type DP Suspension Tower 
Type Heavy Suspension Tower 
Type DT Tension Tower 
Quantity Unit Cost Total 
4 $1961 $ 7,844 
1 2993 2,993 
1 1073 1,073 
Per Mile Cost $11,910 
TABLE 8 
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CHAPTER 4 
CONCLUSIONS 
To achieve the highest reliability for an electric utility's systea, 
reviews of optional designs must be performed.  Consideration of 
the design feasibility and economics determines whether the design 
will be implemented. 
The review of the studied utility's double circuit 500 kV tower 
design has shown that predicted number of tripouts due to lightning 
flashovers was very small because of the high phase insulation 
level. Adopting an unequal insulation design on the double circuit 
500 kV tower design offers no appreciable improvement in the line's 
reliability.  Furthermore, by observation, an unequal insulation 
design would be a costly modification because of the complexity of 
the 500 kV tower and the large loads supported by the tower arms. 
The review of the studied utility's 230 kV double circuit tower 
design indicates many potential applications exist where the unequal 
insulation design will improve performance. The cost to modify an 
existing tower line to an unequal insulation design is relatively 
high compared to other options, i.e., an estimated cost of $29,923 
per mile of line in 1979 dollars. Another alternate option, not 
-67- 
previously discussed, is to reduce the tower's footing resistance 
by installing additional counterpoise or by use of specially designed 
ground rods. The costs of these methods may be less than the 
unequal insulation design modification depending on the types of 
soils encountered, and they offer the benefit of maintaining the 
transmission line in service during installation. However, at some 
locations the soil type will make it physically impossible to 
reduce the tower's footing resistance significantly. The unequal 
insulation design becomes a viable option in these areas. 
The above discussion not withstanding, the author feels that modifying 
entire 230 kV lines to an unequal insulation design may be of 
limited practicality because of the high cost - limited benefit 
ratio.  Based on the studied utility's projected replacement energy 
costs for 1979, the average cost for restricting generation is 
approximately $7.10 per kilowatt hour.  If, for example, generation 
must be reduced 200 MW for 1 hour as a result of a lightning tripout, 
the cost to the utility would be $1,420.  Certainly, in this example, 
the unequal insulation design offers little benefit. 
Where the unequal insulation design has merit is for special appli- 
cations.  230 kV lines with critical importance to the utility's 
system stability are a candidate for this design. The New York 
City blackout in July, 1977 was believed to have resulted from 
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double circuit lightning tripouts of such critical linea. The 
problem here is to identify these critical lines since in most 
instances the lines become critical as a result of the utility's 
operating mode. 
Another potential application would be on 230 kV lines with poor 
lightning performances histories and which have a special importance 
to the utility's transmission system. A line supplying offsite 
power to the nuclear generating station is one of the sources which 
powers the equipment to safely shut down the plant. This type of 
line is a potential candidate for the unequal insulation design. 
Other potential areas of use are where load growth has increased 
the importance of the supply lines or where Right-of-Way cannot be 
obtained or is delayed because of litigation or government involve- 
ment in the siting process. The modification of an existing line 
to an unequal insulation design may provide satisfactory reliability 
until these problems can be resolved. 
Probably the most applicability of the unequal insulation design is 
in modifying portions of existing double circuit 230 kV tower 
lines.  In areas, where a single lightning storm could potentially 
affect many transmission lines, the unequal insulation design can 
improve reliability. Examples of these high transmission line 
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density areas are at generating stations, large substations, and 
along transmission line corridors. The decision to adopt the 
unequal insulation design oust consider the cost of restricting 
generation, the effects on the system stability, and the potential 
for load loss. 
Transmission lines, traversing areas of high resistance soils or 
areas with high lightning incidence such as mountain tops and flat 
open fields with few trees, may provide applications. Modifying 
only those portions of the line within the high resistance soil or 
the high incidence areas may be an economically justified improve- 
ment. 
The cost to provide the unequal insulation design on a new line can 
more easily be justified. The estimated cost to provide the additional 
protection is $11,910 per mile of line. This is an increase in 
cost of approximately 3% of the installation cost of the studied 
utility's double circuit 230 kV tower line. Of course, the same 
factors must be considered as for modifying existing lines, such as 
the line's criticality, the potential for lightning problems, and 
the costs associated with implementing an unequal insulation design. 
It has been demonstrated that the unequal insulation design has 
little applicability on the test utility's 500 kV tower line. 
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Adapting the unequal insulation technique to the double circuit 230 
kV design has been shown to provide benefits for special applications. 
The costs versus benefits oust be closely considered in light of 
all other alternatives available.  It is.hoped that this paper will 
provide additional information to the utility industry for insuring 
a more reliable transmission system. 
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